Velocities of red blood cells (RBCs) in the lateral wall of the cochlea were determined in the anesthetized guinea pig from direct optical microscopic observations. Mean flow velocity of the blood was measured by timing the passage of a fluorescently-labeled sub~opulation of RBCs across a measured capillary length. The optical observations were achieved using an intravital microscope equipped for epifluorescence and the measurements were derived From video images acquired with an image intensified television camera. In the third turn of the cochlea the velocity of RBCs differed significantly between two major classes of capillaries. The mean velocity in spiral ligament vessels was 0.12 mm/s while stria vascularis flow was slower (0.08 mm/s). In a typical animal, the range of velocities among different vessels of the ligament was 0.09-0.18 mm/s while it was 0.03-0.10 mm/s for stria vascularis vessels. Corresponding to this velocity difference, the apparent mean vessel diameters for the two types of vessels also differed. Spiral ligament capillaries were 9.3 pm while strial capillaries were 12.2 pm in diameter. Comparison of flow velocity in different turns of the cochlea indicated that the distribution of blood velocity throughout the cochlea lateral wall is constant.
Introduction
Capillary areas in the cochlea are complex and hypothetically serve differing functions. For example, the vessels of the lateral wall divide into four or five anatomically distinct capillary areas (Smith, 1951 (Smith, , 1954 Axelsson, 1968) . Vessels entering the stria vascularis obviously have a different role, relating to the resulting function of the stria, from those passing through the spiral ligament. The relationship between circulation and function in a local tissue area of the cochlea can perhaps best be studied by direct microscopic observations of these systems. The current investigation begins such studies by dete~ng the flow velocities of erythrocytes in the capillaries of the lateral wall in the normal guinea pig. Velocity of red blood cells (RBCs) in capillaries is one of the most important parameters of the microcirculation. It directly relates to the volume flow of blood and thus characterizes the degree of local tissue perfusion. It is proportional to the transit time across a capillary bed which in turn governs the time available for the exchange of respiratory gases. Thus, measurement of the normal velocities is essential to future studies which may examine pa~olo~cal conditions or attempt to determine the mechanisms of flow control in the cochlea. Weille et al. (1954) and Seymour (1954) were the first to make visual observations of the blood flow in the living cochlea. The mostly qua~tative impressions they reported were soon supplemented by quantitative determinations of blood cell velocity by Perlman and Kimura (1955) . Using frame-by-frame analysis of motion pictures taken through a microscope, Perlman and Kimura (1955, 1962) found that flow velocity of cells (mostly white blood cells) was low, ranging from below 0.1 mm/s to about 0.3-0.4 mm/s. Nomura (1961) also characterized the capillary circulation as slow flow.
In contrast to the early results, a study by Costa and Branemark (1970a) observed flow velocities typically above 0.3 mm/s.
Indeed the flow was categorized as fast in both the lateral wall and in other capillary areas.
The current study re-examines the question of the velocity of red blood cells in the vessels of the lateral wall and supports the general findings of Perlman and Kimura (1955, 1962) . Flow velocities in capillaries of the spiral ligament averaged 0.12 mm/s while the stria vascularis had a significantly slower flow rate of 0.08 mm/s. The current study extends the earlier findings by determining the comparative flow velocities in different cochlear turns. The data indicate that flow velocity is distributed evenly among the turns although variation in the size of the measured vessels is found.
Materials and Methods
Guinea pigs used in this study had body weights between 300 and 450 g. They were anesthetized with diazepam (5 mg/kg body wt i.p.) and fentanyl (0.32 mg/kg body wt i.m.). Supplemental doses of diazepam (at l/2 the initial amount) were given at 2 h intervals and of fentanyl (at l/2 the initial amount) at l/2 h intervals. The animals were immediately wrapped in a thermostatically controlled heating pad which maintained rectally measured temperature at 38.5" C. Heart rate was continuously monitored. A tracheotomy was performed permitting the placement of a ventilation tube, but the animals did not require artificial respiration.
The left common carotid artery was cannulated to monitor systemic blood pressure and the right jugular vein cannulated for the administration of labeled red blood cells and fluorescently-labeled dextran. A conventional ventral and postauricular surgical approach was carried out exposing the auditory bulla which was then widely opened, usually with partial removal of the tympanic ring and membrane.
The wide opening of the middle ear facilitated the subsequent surgery on the cochlea. These experiments did not require sound stimulation. The tensor tympani tendon was sectioned to eliminate movements which occur as a result of spontaneous contraction of this muscle. The head was securely fastened in a headholder for positioning under the microscope. The metal headholder was heated to eliminate cooling of the head which could occur independently of the torso (Brown et al., 1983) .
Openings to observe the blood circulation in the vessels in the spiral ligament and stria vascularis were made by creating small scratch marks using a knife blade. Generally, this technique resulted in the removal of an intact piece of bone creating a rectangular opening. The dimensions of the opening varied with location. A third turn opening was approximately 0.2 mm by 0.3 mm with the long dimension positioned along the direction of the spiral ligament.
Before the cochlear openings were made, a low flow velocity source of 95% N,, 5% CO, gas was directed into the open bulla. The gas was saturated with water vapor at room temperature and heated to ensure that the tissue of the inner ear was exposed to normal concentrations of oxygen and carbon dioxide and was not dried or cooled by the topical application of the gas. The concentration of oxygen and carbon dioxide in the bulla next to the cochlea was monitored by a capillary sampler tube which drew gas at 40 ml/mm through oxygen and carbon dioxide analyzers. The temperature of the cochlea was monitored by a thermocouple placed on the bony surface of the first turn.
Observations of blood flow in the cochlea were accomplished with a custom-designed intravital microscope (Nuttall, 1987) . Long-working-distance objective lenses permitted direct observation of capillaries from the video monitor (total system magnification of approximately 1000 X ). Most observations were achieved under fluorescence microscopy conditions.
A vertical illumination system provided the excitation light for fluorescence of fluorescein isothiocyanate (FITC) or calcein. Images were received by an image intensified video camera (Dage MT1 model 66 silicon intensified target type). They were recorded on video tape (Sony model 5200, 3/4 inch format) for off-line processing.
Velocities of cells flowing in the capillaries of the lateral wall were determined by using the labeled erythrocytes indicator technique. First, 0.05 cc of FITC-dextran (150 kDa mean molecular weight) as a 5% solution by weight in normal saline was given i.v. to achieve a slight fluorescence of the plasma, permitting visualization and recognition of the vessels. Then, approximately 0.2 cc of labeled red blood cells were given i.v. resulting in a small population of fluorescent red cells in the circulation. The cells were labeled according to procedures described by Nuttall (1987) . A dual photometric analyzer (IPM model 204) derived signals from the video image which were processed by an electronic timing device for the time delay of the passage of red cells between the known distance of the windows. Generally, as many vessels as possible which were visible within the surgical opening of the cochlea were examined for the flow velocity of the labeled red blood cells. Measurements reported here are from 8 successful guinea pig experiments.
Results
Fig. 1 is a schematic drawing of the pattern of blood vessels seen in the lateral wall of the third turn of one guinea pig. The drawing was made from the face of a video monitor and the sizes of the vessels are not to scale. It was possible to measure RBC velocity from most of the visible vessels. In Fig. 1 , a pair of numbers appear near the vessels in the drawing indicating where velocity measurements were made. These numbers represent the average velocity of the cells passing that 123 location and the diameter of the vessel [velocity (mm/s)/diameter (pm)]. The letter appearing on certain vessels identifies the location in reference to Table I which gives the flow statistics obtained for a given vessel location.
It is possible to identify the anatomical types of blood vessels in such images by recognizing the pattern of flow (the directions of which are given in Fig. 1 by arrows) and the depth of optical focus where a vessel appears. Thus, as one focuses down through the specimen, the superficial vessels in the spiral ligament are first brought into focus followed by the deeper capillaries within the stria vascularis.
For the purpose of this report, three types of vessels are defined: (1) feeder vessels which divide on the apical side of the stria vascularis into two or more capillaries of the spiral ligament (there are no measured examples of feeder vessels in Fig. I) ; (2) arteriovenular (a-v) anastamosing vessels of the spiral ligament which pass directly across the ligament from the Scala vestibuli to the Scala tympani; and (3) capillaries of the stria vascularis. In Fig. 1 and Table I , the vessels which meet these definitions are labeled with lower case letters for a-v vessels and with capital letters for stria vascularis capillaries. Table I gives for each vessel, the mean velocity with S.D., the vessel diameter, and the number of red blood cells which were timed. It is clear that the velocities of RBCs in the strial vessels are of blood in the stria vascularis vessels was signifiMeasurements such as those of Fig. 1 and cantly less than that of the spiral ligament vessels Table I were most successfully accomplished for (P =C 0.03 by one-tailed t-statistic). Mean diameter second and third turn. In one experimental animal (no. 47) it was possible to make measurements from spiral ligament vessels of all four turns. The distribution of velocities in this animal appears uniform although an apparent difference in vessel size is notable. First and fourth turn capillaries were larger than those of the second and third turns.
In the current study, the greatest velocities that were observed were in feeder vessels. These were vessels which divided into two or more capillaries at the apical border of the observation opening (i.e. at or apical to the location of the vestibular membrane).
In the third turn of two guinea pigs (nos. 42 and 48), RBC velocities of 0.27 and 0.28 mm/s were observed for two feeder vessels. The spiral ligament capillaries which divided from these feeders had RBC velocities approximately l/2 the feeder rate.
Discussion
This study has measured the velocity of red blood cells in capillaries of the guinea pig cochlea. In order to accomplish this measurement, two important methodologies were combined; intravital microscopy and fluorescent marker techniques for determining blood flow (see Nuttall, 1987 , for a discussion of these methodologies). While intravital microscopy was first applied to observe the living blood vessels of the inner ear more than 30 years ago (Weille et al., 1954; Seymour, 1954) and was shortly thereafter combined with fluorescent techniques (Naumann et al., 1958) it is only recently that appropriate technology has become available to accomplish quantitative measurements with the combined methodology.
The general visual inspection of the capillaries observable through the openings made in the cochlear lateral wall makes it clear that the normal flow is continuous and of constant velocity in all vessels. No capillaries were observed to stop flowing or start spontaneously under the conditions of this study. This impression confirms the same observation by Perlman and Kimura (1955) and Costa and Branemark (1970a,b) but appears to be in contrast to vessel contractions (with flow alterations) seen by Weille et al. (1954) .
In a qualitative sense, the flow velocity of the blood in the lateral wall of the guinea pig cochlea has been described in conflicting terms. Nomura (1961) states that the flow is slow while Costa and Branemark (1970a,b) hold to the opposite view that it is fast. However, all investigators who have distinguished between vessels of the stria and the ligament report a flow difference between stria vascularis and the spiral ligament capillaries; strial vessels being slower (Seymour, 1954; Perlman and Kimura, 1955; Nomura, 1961; Costa and Branemark, 1970a ). The current study supports both the view that blood flow in the lateral wall is slow and that strial circulation has the lowest blood velocity.
Mean red cell velocity in all a-v anastamosing vessels of the spiral ligament were 0.12 k 0.06 mm/s. This value appears to be in agreement with Perlman and Kimura (1962 (1962) give 0.305 mm/s (from 6 vessels in their Table I ). In the current study, it is not known if the feeder vessels seen branching at the apical edge of the cochlear opening were arterioles as there could have been other branches under the bone out of view. Nevertheless, these feeder vessels had the greatest flow velocity (about 0.27 mm/s), similar again to the Perlman and Kimura (1962) data.
The reason for the discrepancy between the current work (which is in accord with Perlman and Kimura, 1962) and the Costa and Branemark (1970a,b) (Miles and Nuttall, 1987) . However, one would generally expect low blood pressure in the anesthetized guinea pig (Brown et al., 1987) .
The velocity of flow in capillaries of nonco&ear tissues is generally greater than in spiral ligament vessels and much greater than in stria vascularis vessels. As examples, in rat cremaster muscle flow was found to be 0.7 mm/s (Smaje et al., 1970) ; in rabbit teniussimus muscle, 0.29 mm/s (Lindbom et al., 1980) ; and in cat mesentery, 0.5 mm/s (Johnson and Wayland, 1967) . So it would seem that cochlear flow is slow. However, currently not much can be said about the significance of this finding nor about the difference between the flow velocity in the spiral ligament verses the stria vascularis.
Low velocity could result from either a low differential perfusion pressure across the lateral wall or a high flow resistance of cochlear vessels or a combination of both factors. From a functional viewpoint, what is important is the microvascular transit time (the product of flow velocity and the capillary path length). A red cell must stay in a capillary long enough to release chemically bound oxygen. The kinetics of the exchange is in the order of tenths of a second (Wagner, 1977) and thus for most tissues capillary path lengths are in excess of the minimum required for complete gas exchange (Sarelius et al., 1981) . Furthermore, recruitment of capillaries (from branching and sphincter control) can, in some tissues, effectively alter the 'functional path length ' (Sarelius et al, 1981; Sarelius, 1986) . It is obvious that the reduced flow velocity of blood in strial vessels is a direct result of their increased size (by Bernoulli's principle) but currently, since no information is available about pathlength, one cannot tell if this results in a longer transit time. It is possible that the path length through the stria is short and a compensatory slowing of velocity is required for efficient gas exchange.
However, in a vascular network with the complexity of the membranous cochlear lateral wall, the question will require further investigation.
A second finding of the current study is the size difference between spiral ligament and strial capillaries. This is a statistically significant result. The absolute size of a capillary, however, is subject to certain measurement error and care must be taken in the interpretation of these data. The error is due primarily to the visual misjudgment of a vessel size on a television monitor. The distribution of intensity across the lumen of a capillary is not constant, rather it falls to zero gradually toward both edges of the vessel. Thus, size judgments are affected by the contrast and brightness settings of the television monitor. Miles and Nuttall (1987) estimate that such visual size judgments are as much as 20% smaller than the actual vessel size (assuming typical brightness settings of the monitor). This means that in vivo capillary diameters may be greater than those reported for fixed cochlear tissues (Axelsson, 1968) . Actual vessel in vivo diameters can be determined from mathematical criteria describing the fluorescence intensity profile across a capillary (Miles and Nuttall, 1987) .
